The effect of the gas mixing technique on the plasma potential, energy spread, and emittance of ion beams extracted from the JYFL 14 GHz electron cyclotron resonance ion source has been studied under various gas mixing conditions. The plasma potential and energy spread of the ion beams were studied with a plasma potential instrument developed at the Department of Physics, University of Jyväskylä ͑JYFL͒. With the instrument the effects of the gas mixing on different plasma parameters such as plasma potential and the energy distribution of the ions can be studied. The purpose of this work was to confirm that ion cooling can explain the beneficial effect of the gas mixing on the production of highly charged ion beams. This was done by measuring the ion-beam current as a function of a stopping voltage in conjunction with emittance measurements. It was observed that gas mixing affects the shape of the beam current decay curves measured with low charge-state ion beams indicating that the temperature and/or the spatial distribution of these ions is affected by the mixing gas. The results obtained in the emittance measurements support the conclusion that the ion temperature changes due to the gas mixing. The effect of the energy spread on the emittance of different ion beams was also studied theoretically. It was observed that the emittance depends considerably on the dispersive matrix elements of the beam line transfer matrix. This effect is due to the fact that the dipole magnet is a dispersive ion optical component. The effect of the energy spread on the measured emittance in the bending plane of the magnet can be several tens of percent.
I. INTRODUCTION
Electron cyclotron resonance ion sources 1 ͑ECRIS͒ are widely used for the production of highly charged ion beams for accelerator-based research and applications. In an ECR ion source ions are produced in a magnetically confined plasma, in which electrons are heated by microwaves on electron cyclotron resonance. A general feature of an ion source plasma is the positive plasma potential with respect to the walls of the plasma chamber, i.e., the source voltage. Because the mobility of electrons is higher than the mobility of ions, they tend to diffuse out of the plasma faster. Lowenergy electrons are especially easily scattered into the loss cone of the magnetic bottle as their collision frequency depends on their energy as ee,ei ϰ T e −3/2 . The potential builds up in order to compensate the loss rates of electrons and ions by retarding electron losses and repelling ions. The value of the potential has been observed to be on the order of tens of volts, being lower for well-performing sources. 2 It has also been demonstrated using different techniques, i.e., Langmuir-probe, dipole magnet and stopping voltage ͑see, for example, Ref. [3] [4] [5] , that the plasma potential can be lowered by using a biased disk, 6,7 gas mixing, 8 or wall coating, 9 the latter technique being the most effective. The intensities of highly charged ion beams extracted from an ECRIS can be increased by the gas mixing technique. 8 One of the various explanations suggested for this phenomenon is so-called ion cooling, 10 which is essentially an energy exchange process between colliding ions.
The ions of the lighter element ͑with lower charge͒ gain energy in collisions with the ions of the heavier element. These light ions can carry kinetic energy out of the plasma, which leads to better confinement of heavier ions whose thermal energy ͑temperature͒ decreases in the collisions. Consequently, the extracted currents of high charge states of the heavier element increase while the extracted currents of the lighter ions decrease compared to the currents extracted from single-component plasma. In this work we have studied the effect of gas mixing on the plasma potential value, the shape of the measured plasma potential curve, and the ionbeam emittance of an ECRIS with several gases in order to confirm that ion cooling is the dominant factor explaining the enhanced production of HCI. The measurements have been performed with the JYFL 14 GHz ECRIS. 11 
II. MEASUREMENT OF THE PLASMA POTENTIAL AND EMITTANCE
The operation of the plasma potential measurement instrument used in the measurements is based on retarding electric field. The instrument and the method of determining the plasma potential from the measured beam current decay curve have been presented in Ref. 5 . The instrument consists of three electrodes insulated from each other ͑see Fig. 1͒ . The front plate of the instrument including the collimator is at ground potential. The central electrode of the device is a mesh placed on an adjustable high voltage ͑V source + V adjustable ͒. As the ion beam goes through the collimator it starts to decelerate due to the potential barrier generated by the mesh. Only ions whose kinetic energy is high enough can pass the central electrode and proceed to the grounded current measurement electrode ͑the back plate of the device͒. The shielding plate attached to the front plate prevents the electric field affecting the beam when the instrument is withdrawn from the beam line.
In the measurements a collimator with a diameter of 4 mm was used. The mesh size was 1 ϫ 1 mm 2 with a wire diameter of 0.3 mm. The voltage of the mesh was adjusted with a voltage regulated power supply floating on the high voltage of the ion source. This arrangement makes the measurement independent of the actual source voltage because the voltage of the decelerating electrode is a sum of the source voltage and the adjustable voltage generated by the regulated power supply, i.e., V stopping = V source + V adjustable . As a consequence the plasma potential can be determined in a single measurement without disturbing the plasma. The source potential was set to 10 kV in all the experiments described in this article. In order to increase the stopping voltage V stopping , the voltage ͑V adjustable ͒ of the central electrode was automatically ramped from 0 up to 50 V in steps of 1 V, which was found to be adequate.
The emittance scanner used in the experiments is an Allison-type scanner similar to the device used in LBNL. 12 The scanner consists of two slits with deflecting plates between them. The position coordinate of the phase space is defined by moving the scanner and the divergence coordinate by applying an adjustable deflecting voltage to the plates. The measured data are analyzed off line after the scan.
The plasma potential and emittance measurements were performed in the following way: first the ion-beam current of the charge state of interest was measured with a Faraday cup. The current was optimized using an xy magnet, two solenoids, and a 90°bending magnet. The voltages of the extraction electrodes ͑accel-decel system͒ were kept constant for all charge states. After the current measurement, the ion beam was focused on the plasma potential measurement device using another solenoid and the plasma potential and emittance were subsequently measured. The emittance scanner was located in the beam line directly after the plasma potential measurement instrument and therefore by focusing the beam on the instrument it was also focused on the emittance scanner resulting in upright ellipses in the phase space. Figure 2 shows the beam line of the JYFL 14 GHz ECRIS including the different ion optical components, Faraday cup, plasma potential measurement instrument, and emittance scanner. Figure 2 also shows that the bending plane ͑x plane͒ of the dipole magnet is perpendicular to the plane ͑y plane͒ in which the emittance values were measured.
A. The effects of ion-beam optics and ion temperature on the shape of the measured plasma potential curves
In the case of the JYFL 14 GHz ECRIS, the beam current decay curves measured with the plasma potential measurement instrument can be divided into three parts ͓regions 1-3 in Fig. 3͑b͔͒ . As the stopping voltage is increased, the measured current starts to decrease almost linearly ͑region 1͒ until it starts to saturate ͑region 2͒. Finally the current attains a certain small value ͑region 3͒, which depends on the level of residual gases in the beam line ͑a turbopump was placed under the plasma potential measurement device͒. These regions correspond to those used for the determination of the plasma potential, which is described in detail in Ref. 5 .
The error related to the plasma potential values has been estimated to be 1 V in the case of the JYFL 14 GHz ECRIS. This is estimated by consecutively measuring the plasma potential several times and changing the focusing of the ion beam during the series in order to confirm that different focusing does not affect the determined potential value. The measured value of the plasma potential changed less than 1 V as the emittance ellipse was rotated in ͑y , yЈ͒ phase space. An O 6+ -ion beam was focused on the emittance scanner corresponding to an upright ellipse ͑maximum yЈ Ϸ 25 mrads for emittance fit corresponding to 95% of the beam͒. In this case the plasma potential was observed to be 13.4 V, which was the highest value during this series. After this the currents in the focusing solenoids were changed. The emittance and the plasma potential were subsequently measured under seven different focusing conditions. In the last measurement the emittance ellipse drawn in the phase space was wide in the y direction ͑maximum yЈ Ϸ 5 mrads for 95% emittance fit͒ corresponding to an almost parallel ion beam. The change in angular distribution was observed with the emittance scanner. In the last measurement the plasma potential was 12.7 V, which was the lowest value obtained in this measurement series. The normalized root-mean-square emittance value of the O 6+ -ion beam varied about 10% during these measurements the minimum being approximately 0.035 and maximum 0.038 mm mrad. The shape of the electric field inside the instrument was studied with SIMION 7 .0 program and it was observed that the afore mentioned observation cannot be explained by the field distribution although the electric field is strongly focusing near the decelerating electrode. The effect of the instrument's transverse acceptance on the shape of the measured plasma potential curves was also studied by changing the collimator at the front plate of the instrument. No changes in the plasma potential values or in the shape of the measured curves were observed although the maximum beam current measured at the back plate of the device changed due to different collimation. Since the error margin of ±1 V has been observed to be independent of the plasma potential value, all the plasma potentials presented in the following chapters are given without errors.
The shape of the measured plasma potential curve in the saturation region ͑region 2͒ seems to be dependent on the ion temperature. In order to study the effect of the ion temperature on the measured plasma potential curves, a simple computer simulation code has been developed. 13 The code is written with MATHEMATICA 4.1 program and the input parameters are the plasma potential profile on the axis of the plasma chamber, the temperature of the ions, the spatial distribution of the ions relative to the potential profile, and ion properties ͑mass and charge͒. The height and shape of the potential profile are adjustable and a negative potential dip 14 can be included. The velocity distribution of the ions inside an ECRIS plasma has been assumed to be Maxwellian due to the high collision frequency of the ions. 15 By spatial distribution we mean the number of ions originating from certain value of the plasma potential, i.e., from certain point of the potential profile. The simulation is not self-consistent since the potential profile and the spatial distribution of the ions have to be used as input parameters. Although there is no exact information about these profiles, with the aid of the simulation it has been demonstrated that the temperature of the ions affects the shape of the measured beam current decay curve in the saturation region whereas the shape of the curve at low stopping voltages ͑region 1͒ is strongly dependent on the potential profile and the spatial distribution of the ions. As an example, Fig. 3 shows the effect of the ion temperature ͑increasing from 3 to 6 eV͒ on the simulated beam current decay curves in the case of O 7+ ͑a͒ and O 2+ ͑b͒ ions. The plasma potential profile ͑the maximum value being 15 V͒ and the spatial distribution of the ions were the same in all cases presented in the figure.
As Fig. 3͑a͒ and 3͑b͒ show, the effect of the ion temperature is far more considerable for low charge-state ion beams. This can be understood with the following example: if we assume that the thermal energy ͑temperature͒ of the ions increases by 7 eV, the corresponding increase of the voltage required to stop the ion beam is 1 V for O 7+ and 3.5 V for O 2+ . This effect averaged over the whole ion population is presented in Fig. 3 . The effect of the ion temperature can be seen most clearly with stopping voltages exceeding the value of the maximum plasma potential ͑15 V͒. Also the shape and the height of the central dip have an effect on the simulated voltage-current curves although by changing the potential profile and/or the spatial distribution of the ions the effect of the dip can be eliminated. Since different combinations of the potential profile and the spatial distribution of the ions lead to similar simulation results, the simulation cannot be used to determine the ion distribution in the plasma. In order to match the simulated curves with measured curves in the saturation region, ion temperatures from 2 to 20 eV increasing with charge state have to be used in the case of oxygen, for example. These values are significantly higher than the theoretically calculated ion temperatures in Ref. 15 . Therefore it is questionable that the shape of the curve in the saturation region is totally determined by the ion temperature, though the ion temperature definitely affects the shape of the curves as Fig. 3 shows. One has also to take into account that the thermal energy ͑temperature͒ of the extracted ions may differ from the thermal energy of the ions that are well confined in the plasma. With the aid of the simulation it can also be seen that the most reliable plasma potential values are measured with highly charged ion beams, since the effect of the ion temperature on the curves measured with them is diminutive compared to those measured with low charge states. 
B. The emittance of ion beams extracted from an electron cyclotron resonance ion source
The root-mean-square emittance xxЈ−rms of an ion beam can be defined as
in which the averages of the phase-space coordinates x ͑po-sition͒ and xЈ ͑divergence͒ are weighted by the beam intensity. 16 The area of the ͑x , xЈ͒ phase space occupied by the beam i.e., the emittance xxЈ and the normalized rms emittance xxЈ−rms−norm can be further defined with the aid of rms emittance since xxЈ = 4 xxЈ−rms and xxЈ−rms−norm = ␤␥ xxЈ−rms in which ␤ = / c and ␥ = 1 / ͱ 1 − ␤ 2 are the wellknown relativistic variables ͑␥ Ϸ 1 in the case of ECR ion sources͒. Two dominant factors contribute to the emittance of ion beams extracted from an ECRIS: ion temperature 16 and induced beam rotation caused by the magnetic field at extraction. 17 The normalized root-mean-square emittance ͑in units of mm mrad͒ can be calculated theoretically as follows:
xxЈ−rms−norm = 0.0164r
in which r is the radius of the extraction aperture ͑millime-ter͒, kT i the ion temperature ͑eV͒, M the ion mass ͑amu͒, B the magnetic field at extraction ͑T͒, and Q the charge state of the ions. The ion temperature in an ECRIS plasma has been theoretically estimated to be only a few electron volts, 15 meaning that the emittance of the ion beams would be dominated by the contribution of the magnetic field ͑see Fig. 4͒ . The effect of the ion temperature on the normalized rms emittance is independent of the ion charge. 16 From Eq. ͑2͒ it can also be seen that the emittance values obtained with heavy ions should be lower than values obtained with lighter ions. Another variable that affects the emittance of different ion beams is the effective extraction radius, which has been observed to be smaller for highly charged ions in the case of ECR ion sources. This means that highly charged ions originate near the source axis, which has been deduced from the data on extracted currents of different ion beams with several extraction apertures. 18 Figure 4͑a͒ shows theoretically calculated contributions of the ion temperature and magnetic field to the normalized rms emittance values of different oxygen ion beams with ion temperature of 5 eV ͑all charge states from O + to O 7+ ͒. The total emittance is also presented in the figure. The influence of the effective radius is demonstrated in Fig. 4͑b͒ by assuming the extraction radius to be 4 mm for O + ions and to decrease linearly with increasing charge state to be 1.6 mm for O 7+ ions. This corresponds roughly to the estimation based on the measurements presented in Ref. 19 . The same ion temperature ͑5 eV͒ was used in the calculation. In both cases the magnetic field at the extraction was chosen to be 0.9 T, which approximately corresponds to the field of the JYFL 14 GHz ECRIS. Figure 4͑a͒ shows that if the effective radius of the extraction hole was the same for all charge states, the emittance would increase as a function of charge state. The contribution of the ion temperature to the total emittance value is more significant with low charge states while the contribution of the magnetic field increases with increasing charge state. For example, in the case presented in Fig. 4͑a͒ the effect of the ion temperature on the total emittance is 50% for O + while it is only 13% for O 7+ . However, it has been experimentally demonstrated ͑see, for example, Ref. 19͒ that the emittance decreases with increasing charge state. This also indicates that the effective extraction radius is smaller for high charge states and that they are produced in the central plasma near to the axis of the plasma chamber, while low charge states originate from the whole plasma volume.
19 Figure 4͑b͒ shows that the effect of the extraction radius on the emittance of different oxygen ion beams is significant. Since the contribution of the magnetic field on the emittance depends on the effective extraction radius as r 2 and the ion temperature as r, the dominance of the magnetic field over the ion temperature is not as strong as in the case of chargestate-independent extraction radius ͓Fig. 4͑a͔͒. In the case presented in Fig. 4͑b͒ the contribution of the ion temperature to the total emittance is 50% for O + and 27% for O 7+ -ion beam.
C. The influence of ion-beam energy spread on the emittance
The energy distribution of the extracted ion beams can be estimated with the aid of the plasma potential measurement instrument. By taking the derivative of the measured beam current decay curve with respect to the stopping voltage, the number of ions with certain energy can be deduced FIG. 4 . ͑a͒ Theoretical contributions of the ion temperature ͑5 eV͒ and magnetic field ͑0.9 T͒ to the emittance values of oxygen-ion beams calculated from Eq. ͑2͒. ͑b͒ The effect of different effective extraction hole radii ͑r͒ decreasing linearly from 4 mm for O + to 1.6 mm for O 7+ on the emittance. since the energy of the ions can be expressed in ev as Q · V stopping . Precise energy distribution measurements would require stronger collimation of the ion beam since the transversal acceptance of the retarding field analyzer restricts the longitudinal energy resolution. The longitudinal energy resolution ⌬E / E of the device with a 4 mm collimator was calculated with the aid of SIMION 7 .0 program to be approximately 0.035% at 10 kV source potential in the case of maximum measured beam divergence ͑maximum yЈ 25 mrads for 95% emittance fit͒. For lower divergence values the energy resolution is better. The calculation takes into account the electric-field distribution inside the device. In the case of 10 kV acceleration voltage this corresponds to a change of 3.5 V in the stopping voltage. However, it was observed with a simulation that the measured value of the plasma potential is affected less than 1 V due to the energy resolution of the device since the method of determining the plasma potential averages the divergence coordinates of all beam particles. It was also observed that the energy resolution cannot explain the shape of the beam current decay curves in the region 2 ͓see Fig. 3͑b͔͒ . The energy distribution of the ion beam ͑with stopping voltages exceeding the source voltage͒ consists of the plasma potential profile, the spatial distribution of the ions, and the ion temperature. This causes the shape of the energy distribution to be charge state dependent, which was observed in the measurements described in Sec. III.
This motivated us to study the effect of the energy spread and the plasma potential on the emittance of the ion beams extracted from the JYFL 14 GHz ECRIS. The momentum spread of the ion beams is coupled into the emittance in the bending plane of the dipole magnet because ions with different momentum have a different radius of curvature. This effect is transferred also into the y plane before the emittance scanner due to the solenoid located downstream from the dipole magnet ͑see Fig. 2͒ . In this measurement setup the measured emittance is dependent on the field strength of the solenoid and on the drift length between the solenoid and the emittance scanner. Therefore it would be beneficial to measure the emittance in both planes simultaneously if the emittance scanner is located after the dipole magnet and solenoid͑s͒. This would also minimize the uncertainty due to aberrations, which are different in x and y planes. Unfortunately the present beam diagnostics in the beam line of the JYFL 14 GHz ECRIS do not provide this possibility. No significant aberrations were, however, observed in the emittance measurements described in Sec. III.
The effect of the energy spread due to the dispersive matrix elements of the transfer matrix on the emittance was studied with the aid of a simulation developed with the MATHEMATICA 4.1 program. The simulation utilizes 5 ϫ 5 first-order transfer matrices of different ion optical components taking into account the coupling of the emittance values in the bending plane of the dipole magnet ͑x plane͒ and in the perpendicular plane ͑y plane͒. The sixth dimension ͑pulse length͒ normally used in transfer matrices was omitted since the ion beams extracted from the JYFL ECR ion sources are continuous. The matrix elements for different ion optical components taking into account the effects of the dipole magnet edges and fringe fields ͑dipole and solenoid͒ were taken from Ref. 20 and 21. The input parameters of the simulation are the plasma potential of the ion source ͑maxi-mum momentum spread͒ and the phase-space presentation of the emittance ellipse ͑area emittance͒ in both planes at the first collimator located before the dipole magnet ͑see Fig. 2͒ . The original phase-space ellipses were given at this location since the ion beam is focused on the collimator corresponding to an upright ellipse ͑the shape of the ellipse is known best at this point͒. The emittance in both planes was calculated at the position of the emittance scanner ͑see Fig. 2͒ . The ion beam was assumed to be cylindrically symmetric, which restricts the coupling of x and y coordinates in the phase space. No coupling restrictions for the angular coordinates xЈ and yЈ were used. During the simulations it was observed that the Twiss parameters of the simulated emittance ellipses corresponded closely to those of the measured ellipses. Table I shows the simulated emittance values ͑normal-ized root mean square͒ for oxygen-ion beams in x ͑bending plane of the dipole͒ and y planes with three different plasma potential values of 0, 15, and 25 V, corresponding to maximum-energy spread of the ion beam. The source potential was set to 10 kV in the simulations. Since the simulation is not based on any specific measurement the area emittance was chosen to be 60 mm mrad for all charge states in the case of zero energy spread ͑zero plasma potential and ion temperature͒. This means that the normalized root-meansquare emittance increases with increasing charge state as Eq. ͑2͒ indicates. The solenoid currents for different charge states were chosen to correspond to the values used in the experiments described later in this article. This means that charge states from O 4+ to O 7+ were focused on the scanner. The focusing strength of the solenoid is insufficient for lower charge states. The relative error related to emittance obtained in the cases of nonzero plasma potential can be estimated to be 5%-10%. This is due to the fact that the phase-space area occupied by the beam is not an exact ellipse as the momentum spread of the ion beam causes the ellipses corresponding to certain ⌬p / p value to drift in the phase space differently. Table I clearly shows that the energy spread of the ion beams due to the plasma potential affects the value of emittance in both planes. The simulated emittance values are higher in the bending plane of the dipole magnet ͑x plane͒, the maximum effect of the energy spread being over 40%. In the y plane the maximum observed growth was a little over 30%. The effect of the dipole magnet on the emittance is transferred to the y plane due to the beam rotation caused by the solenoid. By changing the solenoid current one can affect the coupling of x-and y-emittance values. This was confirmed by setting the solenoid current to zero in the simulation; consequently, no growth of the emittance due to the energy spread was observed in y plane. The difference between the results obtained with different charge states can be explained as partly due to the error in the elliptic fit and partly due to the different solenoid field strengths ͑corre-sponding to the values used in the measurements͒ affecting the dispersive matrix elements. Another issue that has to be taken into account is that the energy spread of low chargestate ions has been observed to be larger than the energy spread of highly charged ions ͑in units of eV/ Q͒ and therefore the growth of the emittance may be more significant for low charge states. With the aid of the simulation it was observed that the emittance growth due to the dispersion depends on the location of the emittance scanner. During earlier measurements the emittance scanner was located further downstream in the beam line of the JYFL 14 GHz ECRIS resulting in significantly higher emittance than at the present location shown in Fig. 2 , which agrees with our simulations with input parameters corresponding to this location of the scanner. The effect of the energy spread of the ion beams on their emittance can be reduced by increasing the source voltage.
III. GAS MIXING EXPERIMENTS AND DISCUSSION
In the experimental part of this work the plasma potentials of helium, oxygen, argon, and krypton plasmas were measured in conjunction with emittance measurements. During earlier measurements with the ECR2 ͑14 GHz͒ at Argonne National Laboratory it was observed that the shape of the beam current decay curves of low charge-state oxygenion beams changed significantly as helium was added into an existing oxygen plasma indicating a change in ion temperature. 13 However, it was also observed that the shape of the curves measured with highly charged oxygen ions remained almost unchanged. Because the proportional contribution of the ion temperature to the total emittance is more significant with low charge states, it could be expected that if the ion cooling process explains the effect of gas mixing, it should affect the emittance of low charge-state ion beams more than highly charged ion beams. This gave us an impetus to study the plasma potential, the shape of the plasma potential curve ͑which according to simulations depends on the ion temperature͒, and the emittance of different ion beams in various gas mixing conditions. These experiments were performed in order to confirm that ion cooling explains the beneficial effect on the production of HCI and to understand different plasma processes taking place due to the gas mixing.
The experiments began by measuring the plasma potential and emittance ͑in the y plane͒ of different charge states of helium, oxygen, argon, and krypton plasmas with different microwave powers. These measurements were performed in order to establish a base line for the gas mixing measurements to be performed later since there are no earlier published reports of emittance measurements with the JYFL 14 GHz ECRIS. The magnetic-field configuration of the source was kept constant, the axial mirror ratio ͑B max / B ECR ͒ being 4.12, during all the measurements described in this article. The voltage of the biased disk was kept constant during a measurement with a certain gas but it was tuned differently for different gases corresponding to values used in normal operation of the ion source. The effect of the biased disk voltage on the plasma potential has been reported in Ref. 5 . The voltages of the extraction electrodes were kept constant, the acceleration voltage being 10 kV. This means that measurements with low charge states of heavy elements were not performed. This was because the extraction system of the JYFL 14 GHz ECRIS does not work properly with acceleration voltages lower than 5 kV and because the bending strength of the dipole magnet and the focusing strength of the solenoids in the beam line are not adequate. Another reason to keep the acceleration voltage constant was to ensure that the drain current of the ion source remained unchanged during a measurement series as it has been observed that there is a dependence between the plasma potential and drain current. 5 Some emittance results obtained with different gases and charge states with pure plasmas are presented in Table II The results presented in Table II show that the chargestate dependence of the normalized root-mean-square emittance values corresponds to the tendency presented in Fig.  4͑b͒ ͑theoretical calculations͒, i. e., the highest emittance values are obtained with medium charge states such as O 4+ , O 5+ , Ar 7+ , and Ar 8+ . In the case of krypton this kind of behavior was not observed probably because the highest charge state that was used in this measurement was Kr 18+ .
These observations indicate that the effective extraction radius is smaller and/or the energy spread of the ion beam is lower for highly charged ions. From Table II it can also be seen that the plasma potential value was lower when the drain current was higher ͑for different elements separately͒. A similar tendency has been observed before with the JYFL 6.4 GHz ECRIS. 5 In addition to charge-state dependence, the emittance value seems to depend on the plasma potential.
The emittance values were higher in the case of higher plasma potential ͑with only a few exceptions͒ supporting the simulation results presented in Sec. II C The gas mixing measurements were performed by studying the effect of different gas combinations on the plasma potential curves and the emittance values obtained with different charge states of both lighter and heavier ions. At first a plasma containing only one component ͑element͒ was ignited. The plasma potential curves and emittance values were subsequently measured with different charge states. After this either lighter or heavier mixing gas was added into the existing plasma without changing the source settings. The plasma potential and emittance measurements were repeated with two different mixing gas ratios and microwave powers ͑500± 30 W / 600± 5 W͒. The gas mixing ratios were chosen so that the extracted currents of highly charged ͑heavier͒ ions increased as lighter element was injected into the plasma. The averaged emittance values ͑normalized rms emittance in the units of mm mrad͒ of oxygen-and helium-ion beams are presented in Table III along with the corresponding ±spread of the emittance data. The number of data points from which the average emittance is calculated is also given in the table. The emittance values of argon-and krypton-ion beams are not presented since the effect of the gas mixing was found to be diminutive for them ͑for measured charge states͒. During the measurements it was observed that adding helium into the plasma of heavier element is an effective means to reduce the plasma potential even several tens of percent. For example, adding helium into an oxygen plasma caused the plasma potential to decrease from 22 to 17 V while adding oxygen into an argon plasma did not affect the plasma potential. It is possible that the high mobility of helium ions compared to other ions explains this effect. The emittance of low charge-state oxygen-ion beams decreased as helium was added into the oxygen plasma while the emittance values measured with high charge states of oxygen remained nearly unchanged. The emittance values for helium-ion beam͑s͒ were significantly lower in the case of the pure helium plasma than in the case of gas mixing with oxygen. Since the magnetic-field configuration of the ion source was kept unchanged, these results indicate that the temperature of low charge-state oxygen ions decreases as helium is added into the plasma if all other parameters affecting the emittance remained constant. For example, the effective extraction radius of low charge-state ion beams may change due to the gas mixing. It seems that the drop in the emittance measured with low charge states of oxygen-ion beams cannot be explained by the decrease of the plasma potential only but is also due to the decrease of the ion temperature. This is demonstrated in Fig. 5 , which shows normalized plasma potential curves measured with O 7+ -͑a͒ and O 2+ -͑b͒ ion beams with and without helium as a mixing gas. Figure 5͑a͒ shows that the shape of the plasma potential curve measured with a highly charged ion beam ͑O 7+ ͒ remains nearly unchanged as helium is added into oxygen plasma while the value of the plasma potential decreases by a few volts. However, the change in the shape of the curve measured with the low charge-state ion beam ͑O 2+ ͒ is significant. The width of the saturation region decreases as helium is added, i.e., the energy spread of the ion beam decreases. This observation confirms the result obtained with ECR2 at ANL. According to our simulation results the temperature of the ions affects the shape of the curve in the saturation region and therefore our measurement supports the conclusion that the temperature of low charge-state ions of the heavier element decreases when a lighter element is used as a mixing gas. This gives the low charge-state ions a better chance to be further ionized and reach high charge states before escaping the plasma, which explains the increase in the currents of highly charged ion beams. The change in the shape of the plasma potential curve was almost as significant for O 3+ as for O 2+ . The saturation region of the plasma potential curve measured with a He 2+ -ion beam was observed to be slightly wider in the case of an oxygen-helium plasma than with a pure helium plasma ͑note that He + and O 4+ overlap͒.
In the case of oxygen-argon, oxygen-krypton, heliumargon, and helium-krypton plasmas the emittance values measured for low charge states of the lighter element ͑oxy-gen or helium͒ were higher than in the case of pure plasmas. This indicates that their temperature increases as heavier gas is added into the plasma. Figures 6͑a͒ and 6͑b͒ demonstrate the effect of heavier mixing gas on the plasma potential curve measured with O 7+ with argon as a mixing gas and He 2+ with krypton as a mixing gas, respectively. According to Fig. 6͑a͒ adding argon into the oxygen plasma does not affect the shape of the plasma potential curve measured with an O 7+ -ion beam. Similar result was obtained also with oxygen-krypton plasma. The effect of adding heavier gas into a plasma of the lighter element can be seen also in Fig. 6͑b͒ , which shows that the energy spread of the low charge state ion beam ͑He 2+ ͒ increased as krypton was added into the plasma. The effect of the heavier gas on the beam current decay curves measured with low charge states of the lighter element was observed also with heliumargon, oxygen-argon, and oxygen-krypton plasmas. This indicates that the temperature of low charge-state ions of the lighter element increases due to the gas mixing. This observation supports ͑along with the emittance measurements͒ that ion cooling, i.e., energy exchange between the different ion species, explains the beneficial effect of gas mixing. The low charge-state ions of the lighter element gain energy in the collisions and due to their higher mobility carry kinetic energy out of the plasma more effectively, giving the ions of the heavier element a better chance to be ionized to high charge states before escaping the plasma due to their thermal motion. The fact that the extracted currents of highly charged ion beams of the lighter element decreased significantly as heavier gas was added into the plasma supports this conclusion. According to the results presented in Sec. II C the growth in emittance of low charge-state ion beams can be partly explained by the increased energy spread. It is also possible that gas mixing affects the spatial distribution of the ions in the plasma, which eventually should affect the shape of the measured plasma potential curves and the effective extraction radius of the ions.
Since the discovery of the gas mixing technique, various explanations for its beneficial effects have been suggested. According to Ref. 2 these explanations include, for example, a dilution effect ͑lowering the average charge and the loss rate of electrons͒, the ion cooling mechanism, increase of the electron density, and increase of the plasma stability due to the reduction of the plasma potential. Our results have shown that adding either a lighter or a heavier gas into an existing plasma affects the plasma potential. No changes in the stability of the plasma were observed, i.e., the ripple of the beam current was the same with and without gas mixing. We have also shown that gas mixing affects especially the emittance and energy distribution of low charge-state ion beams. Our measurements also indicate that the mixing gas does not affect the temperature of highly charged ions of the heavier element. These effects were found to be reproducible although the variation of emittance values measured with pure oxygen plasmas, for example, was found to be rather high especially for low charge states ͑from 0.018 to 0.030 mm mrad for O 2+ ͒. However, the emittance and the energy spread of the low charge-state ions were always affected by the mixing gas, which supports the conclusion that the mass effect ͑i.e., ion cooling in ion-ion collisions͒ is the dominant factor for the enhancement of the production of highly charged ions due to the gas mixing. These experimental results emphasize the role of the low charge-state ions in the ion cooling of ECRIS plasmas, which has been studied earlier by Drentje et al. by deducing the effect of gas mixing on the ion temperature from extracted beam currents with the aid of theoretically derived equations. 2 Unfortunately, the effects of the gas mixing on the ion temperature, plasma potential profile, and the spatial distribution of the ions in the plasma cannot be separated directly from the measured data without computer simulations. However, the change in the spatial distribution of the ions cannot explain why the plasma potential curves measured with lowcharged ions become wider as heavier gas is added into the plasma. If this was caused only by a change in the spatial distribution, more low charge-state ions would originate from the central plasma where the plasma potential profile is at a maximum. This is contradictory to the observation that losses of low charge-state ions increase due to the gas mixing resulting into lower production efficiency. 22 In addition to aforementioned plasma parameters gas mixing probably affects the confinement time for different charge states. 15 With the simulation presented in Sec. II A, it can be shown that the ion temperature mostly affects the saturation region of the plasma potential curve ͑voltages exceeding the determined value of the potential͒, whereas the shape of the curve with low stopping voltages is determined by the potential profile and the spatial distribution of the ions. It is worthy to note that the spatial distribution of the ions and electrons and their densities actually define the potential profile. The ion temperatures defined with the simulation from the measured curves are fairly high ͑from 3 up to 30 eV͒ increasing with the charge state. However, with the simulation it can be demonstrated that for low charge-state ions, such as He + , He 2+ , and O 2+ , even a change of 1-2 eV on the ion temperature should affect the shape of the measured plasma potential curve.
The measured plasma potential curves show that the momentum spread of the ion beams is significant, which causes the measured beam emittance to increase due to the fact that the dispersive matrix elements of the dipole magnets transfer matrix are nonzero. The cumulative effect on the measured emittance depends on the location of the emittance scanner, i.e., on the transfer-matrix elements of the whole beam line. This makes it very difficult to compare emittance results obtained with different ion sources ͑in different planes, x and y͒ if the energy spread of the ion beams caused by the plasma potential is not known.
